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The ion current and sheath impedance were measured at the radio-frequency-powered electrode of
an asymmetric, capacitively coupled plasma reactor, for discharges in argon at 1.33–133 Pa. The
measurements were used to test the models of the radio frequency sheath derived by Lieberman
@IEEE Trans. Plasma Sci.17, 338 ~1989!# and Godyak and Sternberg@Phys. Rev. A42, 2299
~1990!#, and establish the range of pressure and sheath voltage in which they are valid. ©1997
American Institute of Physics.@S0003-6951~97!01008-5#
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Radio-frequency~rf! discharges are widely used in th
semiconductor industry. The electrical properties of th
discharges are usually dominated by the rf sheaths that s
rate rf electrodes from the plasma. Models1–3 have been pro-
posed to predict the electrical properties of rf sheaths
relate them to the dynamics of particles within the sheaths
the high frequency range, where the sheath is primarily
pacitive, Lieberman has derived analytic models for a l
pressure, collisionless sheath1 and a higher pressure, highl
collisional sheath.2 Godyak and Sternberg have developed
model3 to cover the entire pressure range and have solve
numerically. These models are used to explain electr
data,4 to investigate the electrical interaction between
plasma and its surroundings,5 and to reduce the computa
tional requirements of computer simulations of discharg6

Some of these results may be in doubt, however, beca
sheath models have not been sufficiently tested by exp
ment. One experimental test of sheath models has b
reported3 in a symmetric discharge, for mercury vapor at
pressure of 0.16 Pa, in the collisionless range. Tests at hi
pressures and in asymmetric discharges have not bee
ported; they are the subject of this work.

In the high-pressure, collisional Lieberman model,2 the
capacitive impedance of the sheath,Zc , can be expressed a

Zc50.803S e

v5«0
3A3mi

D 1/5Vc
3/5I 0

22/5l i
1/5, ~1!

wheree is the charge of an electron,v is the fundamental rf
frequency,«0 is the permittivity of vacuum,A is the elec-
trode area,mi is the ion mass,l i is the ion diffusivity mean
free path,Vc is the amplitude of the fundamental compone
of the sheath voltage, andI 0 is the dc ion current,

I 05en0u0A. ~2!

Here, n0 and u0 are the ion density and velocity at th
plasma/sheath boundary. The predictions of sheath mo
are often expressed in terms ofn0, but I 0 is a better experi-
mental parameter. It is difficult to measuren0. Because of
gradients in ion density, values of the ion density measu
in the bulk plasma may differ fromn0. The gradient of ion
current, however, is smaller. Indeed, it is zero for any reg
where no ionization or recombination occurs, a valid
sumption for most if not all of the sheath region. Furthe
more, usingI 0 in Eq. ~1! eliminates theu0 dependence, so n
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assumption need be made regardingu0. Although, in Refs. 1
and 2,u0 was assumed to be the Bohm velocity, Eq.~1! is
valid for any value ofu0.

Here, we test Eq.~1! for the sheath at the powered ele
trode of a capacitively coupled, parallel-plate reactor~Fig. 1!
for discharges in argon at 1.33–133 Pa. Previously, m
spectrometry7 has determined that the dominant ion in the
discharges is Ar1. Ar1 ions, accelerated in the sheath
energies of 1–100 eV, lose momentum primarily throu
charge exchange collisions with argon neutrals. Theref
l i , which describes the rate of loss of ion momentum due
collisions, can be determined from measured values8 of
Qct , the cross section of Ar

1/Ar charge exchange collisions
A value of Qct54.3310215 cm2, measured for ions at an
intermediate energy~12 eV!, was used, andl i was obtained
from l i5(NQct)

21, whereN is the number density of the
neutral gas at the measured pressure, at standard temper
The electrode areaA was 81.1 cm2 and v/2p was 13.56
MHz.

FIG. 1. Diagram of the discharge cell~described in detail in Ref. 4! and the
experimental apparatus. The upper electrode and the walls of the vac
chamber are grounded, while the lower electrode was driven simultaneo
by a 13.56 MHz power supply~coupled through a matching network an
blocking capacitor! and a dc power supply. To prevent the dc power sup
from short circuiting the rf power supply and the plasma, a tuned 13
MHz filter was inserted on the dc power lead. The dc current supplied to
electrode was determined from the voltage across a 10V resistor.
1049049/3/$10.00 © 1997 American Institute of Physics
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The ion current,I 0, was measured by a method
9 in which

the rf-powered electrode is simultaneously driven by a
power supply to a large, negative dc voltage that rep
plasma electrons from the electrode, allowing collection a
measurement of a dc current that consists solely of io
Because the application of the dc bias perturbs the plas
the measured ion current is not constant at large nega
bias. To obtain the unperturbed value of the ion current,
extrapolation procedure,9 linear with dc voltage, was used
The ion currents obtained by this procedure, plotted in Fig
display a power-law dependence on the rf current, and
nearly independent of pressure.

As described previously,4 the sheath impedance,Zps,
was determined from measurements of the rf current
voltage on the powered electrode and the rf voltage on a w
probe inserted into the plasma. In addition to the sheath
pacitance, Zps includes series and parallel resistanc
Procedures4,10,11that fit Re(Zps) data were used to determin
these resistances, the capacitive impedanceZc , and the volt-
age across it,Vc . Figure 3 shows a log–log plot ofZc versus
Vc . At pressures>4.0 Pa and voltages>100 V,Zc follows
a power-law dependence on pressure and voltage. Belo
Pa,Zc becomes less sensitive to pressure. This indicates
beginning of the transition from the collisional regime
Ref. 2 to the collisionless regime of Ref. 1.

To compare the data to the Lieberman collisional mod
Eq. ~1!, experimental values ofZc from 4 to 133 Pa were
multiplied by I 0

2/5l i
21/5 and plotted versusVc on a log–log

scale in Fig. 4. On this plot, the prediction of the Lieberm
model, Eq.~1!, is a straight line of slope 0.60, as shown.
Vc>100 V, the experimental points also fall close to a sin
straight line with the same slope, indicating that, in th
range, theVc

3/5I 0
22/5l i

1/5 dependence predicted by Eq.~1! is
consistent with the data. Nevertheless, the experimental
are always higher than the Lieberman model.

Also shown in Fig. 4 are predictions from the Godyak
Sternberg model,3 calculated for an electron temperatu

FIG. 2. Log–log plot ofI 0, the ion current at the powered electrode,
I pe, the fundamental~13.56 MHz! component of the rf current at the pow
ered electrode, for argon discharges at pressures of 1.33–133 Pa. A lin
to the data, corresponding to a power-law dependence ofI 0 on I pe is also
shown.
1050 Appl. Phys. Lett., Vol. 70, No. 8, 24 February 1997
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Te53 eV, measured afterwards, in the same cell, by a La
muir probe, for argon discharges at 4–40 Pa. This value
Te yields Maxwellian distributions that are fair overall fits t
the non-Maxwellian electron energy distribution functio
measured at 4–133 Pa in a nearly identical cell.12 ~In either
cell, noTe measurements have been achieved or reporte
1.33 Pa.! The Godyak–Sternberg model also requires val
for a collisional parameter,

a5~pld /2l i !5~p/2l i !~«0Te /n0e!0.5, ~3!

r fit

FIG. 3. Log–log plot of the fundamental~13.56 MHz! amplitudes of the
voltage and impedance of the sheath at the powered electrode of a
discharges at 1.33–133 Pa. The total impedance and voltage,Zps andVps,
are plotted, as well as the capacitive componentsZc andVc .

FIG. 4. Log–log plot ofZcI 0
2/5l i

21/5 vs Vc , in which the predictions of the
Lieberman model, Eq.~1!, fall on a single line. The plot shows experiment
data for argon discharges at 4.0–133.3 Pa, the Lieberman results~solid line!,
and results from the model of Godyak and Sternberg. As the input par
eters are varied over the range of experimental conditions, the Gody
Sternberg results vary witha in the range defined by the two dotted curve
Results from high values ofa, i.e., high pressures, define the upper dott
curve; results from low values ofa, i.e., low pressures, define the lowe
dotted curve.
M. A. Sobolewski
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that describes the size of the mean free path,l i , relative to
the Debye length,ld . The Godyak–Sternberg model a
sumes an ion injection velocityu0 of

u05$eTe /@mi~11a!#%1/2. ~4!

For Te53 eV, values ofa, n0, andu0 were determined a
each data point>4.0 Pa by solving Eqs.~2!–~4! iteratively
at measured values of the ion currentI 0. Values ofa in-
creased with pressure and decreased with voltage, in
range 0.17<a<8.7. The Godyak and Sternberg predictio
were then obtained by digitizing and interpolating Fig. 9
Ref. 3, which gives numerical results for the dependence
Zc on a, n0, and sheath voltage. Unlike the Lieberm
model, the Godyak and Sternberg results in Fig. 4 show
vature at low voltages. The Lieberman model assumes
the minimum sheath widthWmin is zero; that is, once pe
cycle the sheath contracts to zero thickness. Therefore
Vc→0, Zc→0. In contrast, in the Godyak and Sternbe
model,Wmin is nonzero, andZc approaches a nonzero valu
as Vc→0. This effect produces the curvature seen in
Godyak and Sternberg model and in the data.

Reference 9 estimates the uncertainty of theI 0 measure-
ment technique as<30%. This produces an uncertainty
13% in ZcI 0

2/5l i
21/5 Differences between the Lieberma

model and the data are larger, up to 40%. This disagreem
cannot be explained by plasma nonuniformity. Althou
simulations13 of these discharges at pressures>4.0 Pa do
show radial variations in the ion current density and she
voltage, the net effect of these variations changes the va
of Zc predicted by Eq.~1! by less than 1%. In the Godya
and Sternberg model, an uncertainty of61 eV in Te intro-
duces an uncertainty inZcI 0

2/5l i
21/5 that varies from69% at

the lowest voltage, to,1% at the highest voltage. Within
Appl. Phys. Lett., Vol. 70, No. 8, 24 February 1997
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the uncertainties arising fromTe and I 0, the Godyak and
Sternberg model agrees with the data. The agreement is
ticularly good at sheath voltages.100 V. Agreement was
obtained despite the fact that at least one assumption o
Godyak and Sternberg model—the assumption of a s
soidal current waveform—is not valid in the asymmetric d
charges studied here.

In conclusion, the power-law dependence of sheath
pedance on pressure and sheath voltage predicted by the
berman collisional model was observed at pressures>4.0 Pa
and sheath voltages>100 V. The values of the sheath im
pedance predicted by the Lieberman model were not, h
ever, in agreement with the measurements. The Gody
Sternberg model was in agreement with the data. In addi
to confirming the Godyak and Sternberg model, the agr
ment validates the experimental usefulness of ion curr
measurements in experimental tests of sheath models.
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